a r t I C l e S TNF is a cytokine that is involved in a diverse array of immune functions. It is present at low physiological levels, but its expression is enhanced in various immune and inflammatory conditions. Genetic inactivation of the Tnf gene allowed the identification of corresponding functions in host defense and homeostasis 1, 2 . TNF deficient (Tnf −/− ) mice succumb to infection with Listeria monocytogenes and are highly susceptible to Candida albicans and M. tuberculosis 1 , indicating a protective role for the induced levels of TNF in combating pathogens. Tnf −/− mice (under unperturbed conditions) were also used to identify developmental and homeostatic functions of TNF, which include a role in the organogenesis of Peyer's patches 2 , fine organization of secondary lymphoid tissues and maturation of the humoral immune response 1 . These abnormalities, under normal laboratory conditions, do not cause overt developmental problems, and the growth and fertility of Tnf −/− mice are normal 1 .
Besides the immune system, TNF is also produced in the brain. Inflammation and immune activation have been shown to greatly increase the production of TNF by microglia, astrocytes and neurons, and this mechanism has been implicated in neuronal damage caused by brain insults such as stroke, head trauma and neurodegenerative disorders 3 . TNF is also present, although at a very low level, in the normal brain and is constitutively released in both primary neuronal culture and acute hippocampal slices, indicating a physiological role for ambient TNF in the brain. Indeed, glial TNF has been identified as one of the regulators of excitatory synaptic scaling 4 .
A physiological role of TNF in brain function and/or development is also suggested by the behavioral abnormalities exhibited by Tnf −/− mice. In one study, Tnf −/− mice showed improved performance in spatial memory and learning tasks 5 . However, in another report, Tnf −/− mice showed no change in spatial learning 6 . The use of non-littermate 5 and littermate 6 controls could explain these discrepancies, as the parental genotype can substantially influence the offspring genotype effect in a non-littermate comparison 7 . Indeed, we found that a deficit in maternal TNF had a more marked effect on offspring episodic memory than a deficit in the offspring's own TNF. We observed reduced levels of a group of chemokines in the milk of Tnf +/− and Tnf −/− mothers, which, when given in supplemental doses, normalized cognitive functions. Further data suggested that the maternal TNF-regulated lactocrine pathway is evolutionarily adaptive and that TNF suppressive drugs taken during the postpartum period may alter the functionality of this pathway and, consequently, life-long spatial memory.
RESULTS

Parental TNF deficit increases spatial reference memory
To evaluate the effect of maternal or parental TNF on offspring behavior, we generated wild-type (WT) male offspring by crossing either wildtype or Tnf +/− (heterozygote) parents 1 , all on the C57BL/6NTac (B6Tac) genetic background (Supplementary Fig. 1a ). Although the wild-type offspring of wild-type parents (referred to as WT offspring (WT parents/mother ), that is, WT(WT) mice) developed in a wild-type parental environment, the wild-type offspring of heterozygote parents (WT(H) mice) were exposed to a receptor-deficient maternal environment both pre-and postnatally. These two groups of offspring were complemented with Tnf −/− offspring obtained by crossing either Tnf +/− or Tnf −/− parents, referred to as KO(H) and KO(KO) mice.
We assessed the spatial learning and memory capabilities of these offspring in the Morris water maze (MWM). Although five consecutive training sessions in the MWM (Supplementary Fig. 1b ) resulted a r t I C l e S in the gradual learning of the location of the invisible platform in all groups (Fig. 1a) , the probe trial on day 6 (in which the platform was removed) revealed a difference between the groups in their ability to recall the location of the platform (Fig. 1b) . Specifically, the WT(WT) offspring failed to recall the location, whereas the WT(H) offspring spent significantly more time in the northwest quadrant that previously contained the platform (P = 0.0053). KO(H) and KO(KO) mice were also able to recall the platform location ( Fig. 1b ). An additional 5 d of training resulted in the recall of the platform location in probe trial 2 in all groups, indicating that the WT(WT) group was not incapable of learning, but rather required more training under our experimental conditions to recall memories; regardless of maternal genotype, the effect on recall was still present (Supplementary Fig. 1b,c) .
No group difference was seen in the visible platform task and in the total distance traveled in the MWM (data not shown).
Associative memory of wild-type mice of mutant parents was assessed in contextual fear conditioning ( Supplementary Fig. 1d ), which, similar to MWM, requires hippocampal activity 8 , although the two tests differ in sensory and motor demands, as well as motivational aspects. The parental TNF genotype had a significant effect in the contextual (P = 0.006), but not cued, fear test ( Fig. 1c-f ), suggesting a hippocampal-related, but not amygdala-related, change in the offspring. However, the effect was seen only when maternal TNF was completely eliminated. Although the KO(KO) offspring also exhibited increased freezing during fear conditioning ( Fig. 1d) , this effect disappeared by the end of the training and before the contextual fear testing began. We conclude that the partial and/or complete genetic inactivation of TNF in the parents, independently of the presence or absence of TNF in the offspring, facilitates the acquisition and recall of hippocampal-dependent memory beyond the normal physiological level in the adult offspring.
Maternal hematopoietic TNF is linked to offspring memory TNF is primarily expressed in the immune system (macrophages, neutrophils and lymphocytes), but is also expressed in the CNS (in glia and neurons) 4 . We inactivated both maternal Tnf alleles in the hematopoietic system and brain using a loxP-flanked Tnf allele in combination with polyinosinic-polycytidylic acid (polyIC)-inducible Mx1-cre and the nestin-cre transgenes, respectively ( Supplementary  Fig. 2a ). Real-time PCR-based quantification of the Tnf allele revealed its extensive deletion in the spleens of 9-week-old Mx1-cre females , there was no genotype or genotype × session effect (first period, F 3,188 = 0.96, P = 0.41 and F 12,752 = 0.46, P = 0.94; second period, F 3,160 = 1.40, P = 0.244 and F 12,640 = 0.53, P = 0.90) and, consequently, no significant difference between the groups at any time point. Data are from two independent experiments. (b) In probe trial 1, two-way ANOVA revealed a significant effect of quadrant (F 3,168 = 11.85, P < 10 −5 ) and LSD post hoc test indicated that only the offspring of heterozygote and knockout (but not those of wild-type parents) spent more time in the northwest quadrant, the location that previously contained the platform (*P < 0.05, **P < 0.005; N = 8, 11, 12, 13 mice per group). To be considered as a significant change, the time spent in the northwest target quadrant had to be significantly different from the time spent in all three other quadrants (lowest significance level among the three is displayed). When baseline measures were included as a covariate, the increase in contextual fear reaction in KO(KO) mice was still significant (P = 0.022). (f) The TNF-deficient maternal environment had no effect on cued fear conditioning (F 3,47 = 1.06, P = 0.38). All data are presented as mean ± s.e.m. a r t I C l e S (Tnf loxP/loxP ; Mx1-cre), injected with polyIC 3 weeks earlier, although the allele was largely intact in the cortex and hippocampus ( Fig. 2a) .
In nestin-cre (Tnf loxP/loxP ; nestin-cre) females, Tnf was deleted in the cortex, hippocampus, isolated CA1 and dentate gyrus neurons, and glia rich corpus callosum, whereas its level in spleen remained close to that in the Tnf loxP/loxP mice ( Fig. 2a) . PCR quantification of Tnf mRNA levels confirmed the spleen-and brain-specific gene deletions in the Tnf loxP/loxP ; Mx1-cre and Tnf loxP/loxP ; nestin-cre mice, respectively ( Fig. 2b) . Consistent with these results, control (Tnf loxP/loxP ) spleens contained 378 ± 50 pg TNF per g of protein, as measured by ELISA, whereas the level in Tnf loxP/loxP ; Mx1-cre spleen was undetectable (<70 pg per g of protein), indicating that at least 80% of the TNF protein was eliminated. The hematopoietic specificity of Mx1-cre-mediated recombination was further verified by the crereporter Gt(ROSA)26Sor tm1Sor /J strain 9 (Supplementary Fig. 2b ).
Taken together, expression of the Mx1-cre and nestin-cre transgenes resulted in the tissue-specific deletion of the Tnf allele and reduction of TNF mRNA and protein, beyond 50%, which is the level sufficient to produce the spatial memory phenotype. Male offspring of polyIC-inducible Tnf loxP/loxP ; Mx1-cre mothers, as compared with those of Tnf loxP/loxP mothers, showed a better than normal performance in the probe trial ( Fig. 2c) and training sessions of the MWM test ( Supplementary Fig. 3a) , whereas the performance of the offspring of Tnf loxP/loxP ; nestin-cre and Tnf loxP/loxP mothers was comparable (of note, mice of the B6J substrain achieved learning with five training sessions that was suboptimal in B6Tac mice; Fig. 1b ). Improved memory was seen in all groups after an additional 5 d of training, resulting in no difference between the offspring of Tnf loxP/loxP ; Mx1-cre and Tnf loxP/loxP mothers ( Supplementary Fig. 3b ). Offspring of Tnf +/+ ; Mx1-cre mothers, injected with polyIC, had no enhanced learning or memory, indicating that polyIC and the Mx1-cre transgene had no confounding effects by themselves ( Supplementary Fig. 3c ). Offspring of Tnf loxP/loxP ; Mx1-cre, but not Tnf loxP/loxP ; nestin-cre, mothers also showed increased freezing during contextual fear testing ( Fig. 2d ) and tone-shock pairings ( Supplementary Fig. 3d ), but not during cued fear testing (data not shown). In summary, a TNF deficit that was limited to the maternal hematopoietic system was sufficient to augment both spatial and associative memory beyond their normal physiological levels in the offspring.
Maternal TNF regulates hippocampal proliferation
Both hippocampal spatial and associative memory are positively correlated with neuronal proliferation in the adult dentate gyrus 10 . We tested whether this correlation applies to the offspring of Tnf −/− mothers exhibiting higher than normal hippocampal-dependent memory. Using BrdU labeling, we found increased proliferation in postnatal day 14 (P14) in WT(H), KO(H) and KO(KO) offspring, but not at P5, P35 and adult ( Fig. 3a-c and data not shown). At P14, the total number of granule cells (DAPI + cells) was also increased slightly (significant in KO(H) (P = 0.004), but only trend in WT(H) and KO(KO) (P = 0.074 and 0.098, respectively); Supplementary Fig. 4a) , proportionately with the increase in the number of BrdU + cells ( Supplementary Fig. 4b) ; thus, the fraction of BrdU + cells was comparable across the groups and represented 6.7-7.8% of all neurons in the granule cell layer (GCL; Supplementary  Fig. 4c ). However, the total cell number in the GCL was normalized by the time mice reached adulthood, similar to that of the BrdU + cells. Increased proliferation at P14 was specific for the dorsal dentate gyrus, as other neurogenic areas, such as the hilus, the subventricular zone and rostral migratory stream, showed no maternal genotype-dependent change in the offspring of mutant mothers ( Supplementary Fig. 4d,e ). The number of 'surviving' BrdU + cells in the dentate gyrus 3 weeks after labeling at P14 (>95% NeuN + ) was not different among the Hematopoietic system specific inactivation of the Tnf gene in the mother results in enhanced memory. (a) Inducible Mx1-cre expression resulted in recombination at the Tnf loxP/loxP allele, which lead to a reduction in the overall expression of this allele in the spleen, but not in brain. In contrast, nestin-cre expression resulted in a substantial reduction of the Tnf loxP/loxP allele in brain (for example, cortex and hippocampus), neurons (for example, CA1 and dentate gyrus (DG) of the hippocampus) and glia (for example, corpus callosum, CC) but not in spleen. Fig. 4f) ; thus, the early overproduction of cells is later compensated. The volumes of the GCL, subventricular zone and rostral migratory stream were not changed at any of the time points investigated (Supplementary Fig. 5a-h) . The number of GFAP + astrocytes and Iba + microglia in the hippocampus and cortex was not changed either ( Supplementary Fig. 5i-k) . The augmented proliferation in the P14 WT(H) dentate gyrus was a result of an increased number of amplifying neuronal progenitors (ANPs; BrdU + , Tbr2 + ) 11 , representing the majority (~80%) of BrdU + cells, rather than of an increase in quiescent neuronal progenitors (QNPs; BrdU + , GFAP + , Sox-2 +, ~10% of all BrdU + cells) 11 (Fig. 3d-f ). Overall, these data suggest that the increase in proliferation in the offspring of mutant mothers is transient and specific for the dentate gyrus. We then tested whether reducing the excess ANPs in the WT(H) dentate gyrus to a normal level during the late postnatal period by gancilovir (GCV) treatment in Gfap-Tk1 (thymidine kinase expressed under the control of the Gfap promoter in neuronal precursors) transgenic B6Tac mice can normalize the level of spatial memory to that of wild-type mice. First, we determined that a partial, approximately 30%, reduction in proliferation, which would be sufficient to compensate the increased proliferation in WT(H) mice (Fig. 3b) , could be accomplished by a short, 2-d (P5+6) treatment with a low dose (12.5 mg per kg of body weight, intraperitoneal) of GCV ( Supplementary Fig. 6a,b) . This regimen caused no change in postnatal weight gain and overall development ( Supplementary Fig. 6c ), reduced the proliferation of ANPs (Tbr2 + ), but not QNPs (GAFP + , Sox2 + ) ( Supplementary Fig. 6d-g) , resulted in no sustained or adult effect on proliferation ( Supplementary Fig. 7a ), and did not reduce the number of GFAP + astrocytes in the adult brain ( Supplementary  Fig. 7b ). These data indicate that GCV and the Tnf −/− maternal environment target the same population of neuronal precursors and have the same time course, but with opposite effects; thus, GCV can be used to compensate the temporal increase in proliferation caused by the maternal TNF genotype. Indeed, GCV reduced proliferation in WT(H) Tk1 + P14 pups by approximately 30% (Fig. 4a ) and normalized the level of adult spatial reference memory to that of wild-type mice (WT(H)-GCV versus WT(H)-Tk1-GCV and WT(H)-Tk1-GCV versus all WT(WT) controls; Fig. 4b ). These data link the temporal increase in postnatal proliferation to enhanced adult spatial reference memory in the offspring of Tnf −/− mothers.
Maternal TNF deficit causes adult hippocampal changes
Next we tested whether there are persistent functional and/or structural changes in dentate gyrus granule cells as a result of the transient maternal effect that can potentially explain the enhanced memory of adult WT(H) mice. RNA-Seq-based expression profiling of WT(H) versus WT(WT) adult granule cells identified 121 upregulated and 121 downregulated genes (>2.5 fold, Q < 0.01). Gene ontology analysis revealed that the functional category most significantly enriched in differentially expressed genes was 'neurotransmission at synapses' (P = 6.48 × 10 −6 , ingenuity pathway analysis), consisting of six genes that were all substantially upregulated in WT(H) granule cells ( Supplementary Table 1 ). We were surprised to find that five of these genes are linked to acetylcholine (ACh), an excitatory neurotransmitter that is involved in encoding new episodic memories in the hippocampus 12 . Specifically, the genes encode the nicotinic cholinergic receptor α3, β3 and β4 subunits (Chrna3, 7.2-fold increase; Chrnb3, 14.8-fold; Chrnb4, 16.4-fold) that can combine and form pentameric ACh receptors 13 , a solute carrier family 5 protein that transports choline from outside to inside of the cell (Slc5a7, 7.7-fold), and choline O-acetyltransferase (Chat, 14.6-fold), the ACh synthetic enzyme. An additional gene encodes α-synuclein (Sncg, 2.9-fold), a presynaptic vesicular membrane protein with a physiological role Figure 3 Increased proliferation in the developing dentate gyrus is linked to enhanced adult spatial memory in the offspring of TNF mutant mothers. (a-c) Proliferation in the dorsal (d) subgranular zone (SGZ) at P5, P14 and adult as measured 2 h after BrdU labeling. At P14, ANOVA revealed a group difference in the number of BrdU + cells (F 3,16 = 7.38, P = 0.003, N = 5 mice per group; LSD post hoc, *P < 0.05, **P < 0.005, ***P < 0.0005). (d) Maternal TNF genotype had no effect on QNP proliferation (F 3,16 = 0.69, P = 0.57), but did increase ANP proliferation (F 3,56 = 7.9, P < 0.001, N = 5 mice per group; LSD post hoc, *P < 0.05, **P < 0.005, # P < 0.1) at P14. a r t I C l e S in neurotransmitter release. Although the cholinergic genes were either lowly expressed or not present in adult granule cells, in situ hybridization revealed their robust expression in postnatal dentate gyrus at P4 and P14 and, at reduced levels, at P28, with no or very low expression in P56 adult dentate gyrus (Allen Developing Mouse Brain Atlas, http://developingmouse.brain-map.org/). Similarly, α-synuclein is expressed in young, but not mature, granule cells in the dentate gyrus 14 . It has been proposed that ACh receptors in young granule neurons respond to cholinergic inputs from the forebrain that densely innervate the subgranule zone and could contribute to their high excitability 15 . Retention of Ach receptor expression in adult WT(H) neurons suggests that their extended excitability could contribute to enhanced spatial memory 12 . The increased expression of Slc5a7 and Chat in WT(H) granule cells could also contribute to the increased hippocampal memory by producing ACh. Notably, acetylcholinesterase inhibitors, by preventing the degradation of ACh, are used in the management of Alzheimer's disease. Overall, these data indicate that the developmentally programmed transcriptional silencing of some early synaptic genes, particularly cholinergic genes, fails in WT(H) granule neurons during their maturation, which may have a long-term effect on neuronal network function and the encoding of new episodic memories in the hippocampus.
A broader functional category of 'neurotransmission' , which includes nonsynaptic transmission, was also enriched in differentially expressed genes (although less significantly, P = 1.91 × 10 −4 ; Supplementary  Table 1 ). In addition to the cholinergic genes listed above, this category almost exclusively consisted of genes encoding neuropeptides and their receptors, including an opioid receptor (Npbwr1), galanin (Gal), hypocretine (orexin, Hcrt1), and somatostatin (Sst) and its receptor (Sstr). In contrast with the cholinergic genes, the neuropeptide-related genes were all downregulated in WT(H) neurons (2.5-8.0-fold). Given that the effects of neuropeptides on excitatory transmission are modulatory in general, with inhibition on glutamate release and excitation 16 , their downregulation in WT(H) granule cells could add to the excitatory effect of the upregulated cholinergic genes.
A similar expression profiling of CA1 pyramidal neurons from adult WT(H) versus WT(WT) mice yielded 27 upregulated and 121 downregulated genes. Functional analysis returned no highly significant clustering of genes, and the overlap in differentially expressed genes between the dentate gyrus granule and CA1 pyramidal neuron was only 17%. Finally, only the cholinergic Chrna4 gene, first identified as upregulated in WT(H) granule cells, showed differential expression in WT(H) CA1 pyramidal cells, but the direction of change was opposite. These data suggest that CA1 pyramidal neurons are not affected the way that the dentate gyrus granule cells are by the maternal TNF deficit.
Another neuronal characteristic that is modulated by early life environment and that can also be correlated with cognitive performance is dendritic morphology and complexity 17 . Golgi-Cox staining and Sholl analysis of the dendritic length of dentate gyrus granule cells of adult WT(H) and WT(WT) offspring revealed a maternal genotype effect (Fig. 5a) . Although the proximal quarter of the arbor (between 0 and 60 µm from the neuron) was similar, WT(H) neurons exhibited longer dendritic length in more distal areas (60-240 µm) ( Fig. 5b) . Although spine density was not altered in either the proximal or more distal areas in the arbor (Fig. 5c) , the longer dendritic length indicates an increased number of spines and, presumably, synaptic contacts per neuron. These data suggest that the TNF deficient maternal environment leads to permanent morphological changes in dentate gyrus granule cells that could contribute to the enhanced cognitive performance of WT(H) mice (see discussion).
The maternal TNF genotype effect is postnatal Crossfostering B6Tac WT(WT) pups to Tnf +/− or Tnf −/− mothers (WT offspring (WT pre /H postnatal ) and WT(WT/KO)) within 24 h of Figure 4 Genetic compensation of increased proliferation in the WT(H) offspring normalizes spatial memory. (a) GCV administered to neonates at P5 and P6 (12.5 mg per kg, subcutaneous) resulted in an approximately 30% reduction in proliferation in P14 WT(H) offspring (F 1,9 = 13.8, P = 0.008, N = 5, 12 mice per group). Box-whisker plots represent the first three quartiles (25%, median and 75%) and values 1.5× the interquartile range below the first quartile (lower horizontal line) and above the third quartile (upper horizontal line). Data are from two independent experiments. (b) In probe trial 1, control WT(WT) offspring with or without Tk1, and in the presence or absence of GCV, failed to learn the platform location. WT(H) offspring with no Tk1, but injected with GCV, recalled the platform location (two-way ANOVA: quadrant, F 3,148 = 21.27, P < 0.0001; group × quadrant, F 12,148 = 1.9, P = 0.04; N = 6, 7, 8, 10, 11 mice per group; LSD post hoc, *P < 0.05, ***P < 0.0005). However, these offspring, if also harboring the Tk1 gene, showed no learning. Data are presented as mean ± s.e.m. a r t I C l e S birth resulted in the recall of the platform location in probe trial 1 in MWM, whereas offspring crossfostered to wild-type mothers (WT(WT/WT)) failed to identify the platform location, as expected ( Fig. 6a) . Wild-type mice exposed to the prenatal Tnf +/− maternal environment (WT(H/WT)) also failed to recall the platform location. Although Tnf −/− pups crossfostered to wild-type mothers (KO/ KO/WT) recalled the platform location, the level of memory was significantly lower than that of wild-type pups crossfostered to Tnf −/− mothers (WT(WT/KO)) (P = 0.012). Overall, these data indicate that the postnatal Tnf −/− maternal environment is required for the high level of adult spatial memory observed in WT(H) mice when limited training is used (in probe trial 1).
A postnatal exposure was also sufficient to enhance fear contextual memory, but only when the offspring were crossfostered to Tnf −/− mothers (Fig. 6b) ; an effect that is consistent with previous data (Fig. 1a) . Finally, proliferation in dentate gyrus was increased at P14 when exposure to the Tnf +/− maternal environment was limited to the postnatal period ( Fig. 6c) , consistent with a causative link between postnatal proliferation and adult memory (Fig. 4b) . These postnatal effects could be a result of altered maternal care and behavior 18 , but Tnf −/− mothers exhibited no apparent changes in any of the established maternal care behaviors, including arched-back nursing, licking and grooming of the pups during the light and dark periods, latency to retrieve pups, and nest-building behavior ( Supplementary  Fig. 8a-f ), suggesting a non-behavioral transmission.
Postpartum antibody to TNF elicits the offspring phenotypes
We then tested whether infliximab, a chimeric mouse-human antibody to TNF 19 that is widely used in the treatment of autoimmune and chronic inflammatory diseases, could reproduce the offspring effects seen with the genetic deletion of maternal TNF when administered to lactating mothers. In contrast with receptor-based anti-TNF agents, infliximab is selective to TNF, as it does not neutralize the similar cytokine lymphotoxin alpha 20 . Infliximab neutralizes mouse TNF 21 and it has been used to prevent TNF-induced inflammatory responses in numerous acute and chronic rodent models 22, 23 . As a result of its long half life, infliximab is typically administered once a week at 10 µg per g concentration for chronic effect 22, 23 .
Administration of the drug at postpartum days 1 and 7 to B6Tac mothers increased dentate gyrus proliferation in the P14 offspring (Fig. 6d) . Furthermore, adult offspring of mothers treated at postpartum days 1, 7 and 14 with infliximab or antibody to mouse TNF exhibited a higher level of spatial memory in the MWM than the control offspring (Fig. 6e) . Controls were pooled from offspring born to mothers injected postnatally with either BSA or IgG1 isotype control antibodies, as their behavior did not differ statistically (two-way ANOVA: group, F 1,56 = 0.0, P = 1.0; group x quadrant, F 3,56 = 0.614, P = 0.609; n = 6 and 10). There was no drug effect in offspring fear responses (data not shown), presumably because this effect requires the complete or nearly complete inactivation of maternal TNF (Fig. 1e) . These data indicate that non-genetically induced maternal TNF deficit during the postpartum period is sufficient to elicit the hippocampal and spatial memory changes, previously seen in the offspring crossfostered to constitutive Tnf −/− mothers.
TNF deficit alters the chemokine composition of milk
A conceivable postnatal non-behavioral mechanism of the maternal TNF genotype effect may involve milk. As reported 24 Data are from two independent experiments. Box-whisker plots represent the first three quartiles (25%, median and 75%) and values 1.5× the interquartile range below the first quartile (lower horizontal line) and above the third quartile (upper horizontal line). (e) Offspring of mothers treated with infliximab and antibody to mouse TNF had a higher level of recall of the platform location in probe trial 1 than that of the control offspring (two-way ANOVA: quadrant, F 3,132 = 35.93, P < 10 −5 ; group × quadrant, F 6,132 = 2.14, P = 0.05; N = 16, 9, 11 mice per group; LSD post hoc, *P < 0.05, ***P < 0.0005). Controls, derived from mothers injected postnatally with either BSA or IgG1 isotype control antibodies were pooled, as their behavior did not differ. All data are presented as mean ± s.e.m. npg a r t I C l e S the detectable levels in postpartum day 2 mouse milk of wild-type mothers (<30 pg ml −1 , ELISA). However, we detected significantly reduced levels of IP-10, MIP-1β and MCP-1 (P < 0.05, see Fig. 7a for individual chemokines; MCP-3 was significantly reduced only when uncorrected for multiple testing, P = 0.04) in both Tnf +/− and Tnf −/− milk, a maternal genotype-dependent pattern similar to that seen with increased proliferation and enhanced MWM cognitive performance in the offspring (Fig. 7a) . In contrast, the levels of MCP-5, lymphotactin and eotaxin were reduced only in Tnf −/− milk. Levels of KC/GRO, MIP-1α, MIP-3β and MDC were unchanged in Tnf +/− and Tnf −/− milk, whereas another 24 cytokines and growth factors were undetectable (multiplex immuoassay Luminex, Myriad RBM, Mouse Cytokine MAP A,B,C). These data suggest that TNF, produced by milk macrophages or other immune cells, acts locally on immune and epithelial cells in the mammary gland to modulate the expression of milk chemokines. These data are consistent with reports showing that IP-10 and MCP-1 are inducible by TNF 25, 26 . Given that there is delayed production of gastric acid and pancreatic proteases in neonates 27 , these chemokines can reach the offspring gut in biologically relevant concentrations and modulate the enteric immune and/or nervous system and, consecutively, brain development and behavior 28, 29 .
To determine whether the reduced levels of milk chemokines can be directly linked to the hippocampal and behavioral changes in the WT(H) offspring, we administered a cocktail of five chemokines that were substantially downregulated in Tnf +/− milk (Fig. 7a) to wild-type pups by daily gavage from P1 to P21 while they were nursed by Tnf −/− mothers. Both a 3× and a 10× cocktail (3× or 10× times the amount present in wild-type milk consumed daily; ~0.1 ml milk per g of pup weight) reduced proliferation in P14 dentate gyrus (Fig. 7b) . In addition, both the 3× and 10× cocktails in WT(H) offspring reduced reference memory in the MWM compared with control WT(H) mice (Fig. 7c) .
Next, we measured cytokine levels in the blood of P10 pups of wild-type and mutant mothers, but found no substantial differences in any of the four chemokines that showed reduced levels in Tnf +/− milk, or in another 12 cytokines that were also detectable (Supplementary Table 2 ). Levels of another 19 of the total of 35 tested cytokines were undetectable. However, we found a significant increase in the number of circulating white blood cells (WBCs, P = 0.019) in P10 pups of Tnf +/− , as compared with wild type, mothers (Fig. 7d) . Both flow cytometry-based and manual counting of WBCs revealed a significant increase in the number of lymphocytes and monocytes of pups from Tnf +/− mothers (P = 0.02 and 0.004, respectively; Fig. 7d ). This increase in circulating lymphocytes and monocytes could be a result of their reduced retention in the gut 30 (which normally has more immune cells than the rest of the body), given the lower than normal levels of IP-10 (a chemokine that attracts lymphocytes), MCP-1 and MCP-5 (attract monocytes as well as lymphocytes), and MIP-1β (attracts lymphocytes) in Tnf +/− milk. Alternatively, the production and differentiation of lymphocytes and monocytes could be altered because chemokines are also involved in the maturation of immune cells 31 , especially during the neonatal period characterized by a substantial expansion of the immune system. In turn, these immunological changes could elicit increased proliferation in the hippocampus, as immune cells can communicate, via cytokines, with the brain 32 and have been shown to modulate neuronal progenitor proliferation 28, 29 . We observed WBC counts (t test, T = 2.678, P = 0.019), resulting from elevated levels of lymphocyte and monocyte numbers, in P10 pup of Tnf +/− mothers as compared with pups of wild-type mothers (manual count; two-way ANOVA: group, F 1,65 = 9.37, P = 0.0003; N = 6, 9 mice per group; LSD post hoc, *P < 0.05). Given that the wild-type and knockout pups of heterozygous were not different, data were combined. Neut, neutrophil; Lymph, lymphocyte; Mono, monocyte; Eos, eosinophil; Baso, basophil. All data are presented as mean ± s.e.m. npg a r t I C l e S DISCUSSION Here we identified a previously unknown function of the proinflammatory cytokine TNF. We found that the partial or complete inactivation of the Tnf gene in the maternal hematopoietic system results in a life-long enhancement of episodic memory in the offspring; specifically, of spatial reference memory in the MWM and contextual fear response. Notably, performance in these behavioral tasks was not influenced by the offspring's own TNF level. Although a partial inactivation of maternal TNF (in Tnf +/− mothers) was sufficient to elicit the improved MWM performance in the offspring, its complete (in Tnf −/− ) and near complete (in Tnf loxP/loxP ; Mx1-cre) elimination was required to increase fear memories, indicating a difference in TNF dosage dependence between the two hippocampal processes that are both spatial learning and memory related, but differ in sensory and motor demands and in motivational aspects. Finally, crossfostering studies revealed that the maternal effect was a result of the postnatal environment. Given that newborn mice are 'underdeveloped' relative to human infants, it is possible that a similar maternal programming in human would begin earlier, during fetal life.
The identified function of TNF differs from its known immunological functions in several ways. First, the effect of TNF is manifested across a generation, whereas other known functions of TNF have been described in the host itself. Second, the identified function is related to behavior, whereas other known functions are associated with either host defense or organ development. Third, this function is related to physiological levels of TNF, whereas most other known functions have been associated with excessive or pathological levels of TNF (for example, in host defense and inflammation).
The maternal TNF deficit-related increase in memory recall was not only strongly correlated with, but also directly linked to, the rate of postnatal ANP proliferation in the offspring dentate gyrus. Specifically, the increased performance of WT(H) offspring could be brought back to the level characteristic of the WT(WT) offspring by normalizing the otherwise enhanced dentate gyrus proliferation. A correlation between increased granule cell precursor proliferation and enhanced spatial memory has been described in adult rodents as a result of voluntary running and exposure to enriched environment 10, 33 . These adult effects are temporal, and both the proliferation rate and memory eventually return to their normal levels. In contrast, increased proliferation during the late postnatal period in the offspring of TNF mutant mothers, albeit temporal in its own, resulted in a permanent increase in spatial memory.
Given that the maternal effect is concluded at weaning (at P21) and that the increase in granule cell proliferation was normalized soon after weaning, persistent functional and/or structural changes must be present in the WT(H) offspring that underlie their adult cognitive phenotype. We found evidence for the dysregulation of the developmental program in WT(H) neurons; namely, cholinergic genes that are active in young neurons, but silenced during maturation, were upregulated in adult WT(H) granule cells, suggesting that they were still active in mature neurons. The opposite changes occurred in a number of neuropeptide-related genes. Cholinergic neurotransmission promotes, whereas neuropeptides generally suppress, neuronal activity 12, 16 , suggesting that the net effect in WT(H) neurons is increased neuronal activity. We also found structural changes, specifically increased dendritic length in WT(H) neurons, as a result of the maternal TNF-deficient environment, that may be the direct consequence of increased neuronal activity, as branching and dendritic complexity are readily increased by neuronal activity 34 . Finally, both increased neuronal activity and dendritic complexity are consistent with the enhanced hippocampal memory of WT(H) mice, as numerous groups have reported that enriched environment increases neuronal activity, dendritic complexity and spatial learning 35 .
Maternal TNF does not interact directly with neuronal precursors, but rather acts via the regulation of a group of milk chemokines. Because of the delayed production of gastric acid and pancreatic proteases in neonates 27 , these chemokines can reach the offspring gut intact and modulate the enteric immune system. Indeed, we found evidence for substantial changes in the number of circulating WBCs, specifically lymphocytes and monocytes, in the pups of Tnf +/− mothers. Immune cells, located in the meningeal space or perivascular areas in the brain, can have substantial effects on brain function and behavior 32 . Indeed, depletion of lymphocytes reduces spatial memory and replenishment with T cells normalizes cognitive performance 36 . However, further studies will be necessary to determine whether the increased number of circulating lymphocytes and monocytes in the pups of Tnf +/− mothers are indeed linked to the increased hippocampal proliferation and enhanced spatial memory of these mice.
Although most TNF-related studies during pregnancy/postpartum are focused on diseases with pathologically high TNF levels 37, 38 , there are conditions associated with reduced ambient TNF. The level of ambient TNF is known to be downregulated by physical activity/ exercise and adaptive stress [39] [40] [41] via glucocorticoids 42 and low TNF levels reflect low inflammatory physiology 39 . Drugs can also reduce TNF levels. The level of TNF is reduced by TNF antibody products 19 , such as infliximab and adalimumab, to achieve therapeutic benefit in rheumatoid arthritis and other inflammatory diseases 43 . Given that rheumatoid arthritis often has its onset at reproductive age, these medications are also used during pregnancy and the postpartum period. Other drugs that have potent anti-TNF activity and that are used during pregnancy and postpartum include the antidepressant compound buproprion 44 and some 5-HT 2A receptor antagonists 45 .
What is the evolutionary benefit for the offspring to respond to maternal TNF and consequently adjust their spatial reference memory capacity? Given that TNF production is suppressed by glucocorticoids in the range induced by adaptive stress, physical activity and exercise [39] [40] [41] , TNF levels could be a measure of challenges and competition in a natural environment that is reported, via a lactocrine pathway, to the developing offspring. It is important to point out that only moderate and acute increases in maternal glucocorticoids lead to adaptive adjustments in the offspring 46 , whereas large and sustained increases have detrimental effects 47 . Consistent with the idea of the maternal environment in offspring adaptation, voluntary wheel running of female mice during pregnancy and lactation increased postnatal hippocampal proliferation transiently in their offspring 48 , a pattern reminiscent of that seen in the offspring of TNF-deficient mothers. In addition, low-dose glucocorticoids, administered through the drinking water provided during lactation, has been shown to permanently increase offspring spatial memory 49 . We hypothesize that a more challenging and competitive environment programs a higher level of spatial reference memory during the postnatal period in the offspring because of its benefit to the survival of the individual. Because of the cost associated with maintaining a higher level of cognitive performance, a less challenging or competitive environment would program a lower level of cognitive performance that is still appropriate for survival under these conditions. Alternatively, the negative effect of maternal chemokines on offspring cognition could be a trade-off of their beneficial effect on the maturation of the neonatal immune system 50 . However, this scenario does not explain why a mechanism has not been developed that would protect the brain against this undesirable peripheral effect. Thus, we propose that the maternal TNF-dependent mechanism of programming adult spatial reference memory is adaptive in nature. npg a r t I C l e S METhODS Methods and any associated references are available in the online version of the paper. Accession codes. RNA expression data have been deposited to the GEO database under the accession code GSE52069.
Note: Any Supplementary Information and Source Data files are available in the online version of the paper.
